Abstract. The open source code software, OpenFOAM, was applied for simulating flow past NACA0015 airfoil. Three economical turbulence models for aerospace applications were selected comprising Spalart-Allmaras model, Wilcox model and Menter SST model, respectively. The non-dimension y + was used to analyze the near-wall flow. The C-type domain for airfoil simulation was considered for an appropriate dimension to protect the effect of boundary conditions. The zero pressure gradient problem of the pressure-velocity coupling was used an effective algorithm, SIMPLE, for solving. The central differencing, upwind differencing, and linear upwind differencing (LUD) scheme were used to solve the convection-diffusion equation of the flow past airfoil. The simulation results included lift coefficient (CL) and drag coefficient (CD) were obtained from this computational fluid dynamics (CFD) method. The turbulence models had been validated to the physical experiment. The wind tunnel was set up to test the flow past NACA0015 airfoil. The Reynolds number (Re) at 160,000 and 360,000 were controlled in order that the NACA0015 airfoil with the large range angle of attack from 0 to 20 degrees was immersed in the low wind speeds and turbulent flow. The suitable turbulence model was the Menter SST model which employed SIMPLE algorithm and LUD scheme for solving. These CFD results lower the stall angle of attack had the average errors of CL and CD with were less than 13.15% and 22.36%, respectively.
Introduction
The computational fluid dynamics (CFD) method was referred to analyze the active force that happened on the airfoil. The phenomenon of airflow past airfoil can simulate by computer with advantages for reducing time and cost of the physical experiment. The flow past airfoil simulation was analyzed most in the turbulent region [1] [2] [3] . The precise solution of CFD method should be achieved when an appropriate turbulence model was selected. The Reynolds-averaged Navier-Stokes (RANS) equation is often used to describe the turbulent flow on the mean flow gather with CFD techniques. The extra terms of RANS equation, Reynolds stresses, were necessary to develop turbulence models for prediction and obtaining results which was close to the mean flow equation [4] . The turbulence models were classified by number of additional transport equations. The one transport equation, Spalart-Allmaras (S-A) model, was developed to calculate kinematic eddy viscosity parameter which related to the local mean vorticity [5] . The two transport equations comprised of the model, model and algebraic stress model were used to estimate Reynolds stresses. The model focused on effects of the turbulent kinetic energy [6, 7] . In the model, the turbulent kinetic energy was the product of a velocity scale and a length scale which happened into the rotational flow structure [8] . The algebraic stress models also were the two transport equations which were approximate Reynolds stresses by computing the eddy viscosity in terms of mixing length [9, 10] . The final group of turbulence models which were classified by the additional transport equations is the Reynolds stress equation model (RSM). It is the most complex turbulence model because there are six or seven transport equations for predicting Reynolds stresses that required the high computer ability and calculating time [11, 12] .
The wind turbine blade simulation referred to use airfoil which was generated inside the C-type domain for simulation by CFD method. The lift coefficient and drag coefficient were simulation results which used to analyze the wind turbine blade performance [13, 14] . The flow past airfoil involved very complex phenomena at different length scales which induced by geometry. Many turbulence models were applied to simulate airfoil [15] [16] [17] . The transport equations included S-A model [18] , Wilcox model and Menter shear stress transport (SST) model [19] were recommended to use for aerospace applications such as an external aerodynamic simulation or the flow past airfoil simulation. Excepting turbulence model, solution methods for the air flow problem had been affected to the accuracy of simulated results. Solving schemes such as the central differencing (CD), upwind differencing (UD), linear upwind differencing (LUD) and quadratic upstream interpolation for convective kinetics (QUICK) scheme were the basically fluid flow solution methods for the convection-diffusion equation. The semi-implicit method for pressure-linked equations (SIMPLE) was an effective algorithm which also was the solution methods for solving pressurevelocity coupling problem under the steady state condition [20] . Many researchers used commercial CFD software such as ANSYS, FLUENT, and STAR-CD which were contained turbulence models and solution methods for the flow past airfoil simulation [21] [22] [23] . Unfortunately they were limited by an expensive license cost and the CFD code development. The Open Source Field Operation and Manipulation (OpenFOAM) software had been used C++ language for CFD code without license cost under GNU General Public License [24] . Moreover, any codes can develop and implement to achieve the precise simulation results. This research would apply turbulence models using OpenFOAM software to determine an appropriate turbulence model for the flow past airfoil simulation. A suitable turbulence model that obtained from this research will be useful to analyze and design the wind turbine blades especially under the low wind speeds in the future works.
Turbulence Models
In this research, there are three turbulence models comprised of Spalart-Allmaras (S-A) model, Wilcox model, and Menter SST model which were implemented to simulate the flow past NACA0015 airfoil.
Spalart-Allmaras Model
The S-A model is formed with the transport equation of the kinematic eddy viscoscity ( ̃) and is written by:
where
and ̃ is the kinematic eddy viscosity, ̃ is the local mean vorticity, is the mean vorticity tensor, the function ( ̃ ) and are the further wall damping functions, is the dynamics viscosity, y is the distance to the solid wall. The constants include , , and have value of 0.67, 0.1355, 0.622 and 0.4187, respectively.
Wilcox Model
The transport equation for k and model are written by:
where (5) and is the turbulent kinematic energy, is the turbulent frequency, is the dynamics viscosity, y is the distance to the solid wall. The constants include , , , and have value of 2.0, 0.09, 2.0, 0.553 and 0.075, respectively.
Menter SST Model
The Menter SST had been developed from the Wilcox to precise simulation results on the boundary layer. Two equations of the Menter SST model can be written by:
where is the turbulent kinematic energy, is the turbulent frequency, is the dynamics viscosity, y is the distance to solid wall. The constants include , , , , and have value of 1.0, 0.09, 2.0, 0.44, 0.083 and 1.17, respectively.
Discretization
The flow past airfoil simulation has been governed by the general transport equation as written by the following form:
where ̅ is the time average of density, ̃ is the time average of general variable, ́ is the fluctuating scalar, is diffusion coefficient, is the source term. Discretization with the finite volume method (FVM) refers to used grid or cell structure which is flexible to generate on the curvature domain as illustrated in Fig. 1 . The interested cell had centre node P, while the neighbor cells had centre node NBi. The distance between node P and NBi is equal to ∆Xi. The faces of P cell which had outer normal direction had been shared around with NBi cell.
In the steady state condition, the transient term is zero. The convection term, ( ̅ ̃ ̃) , and diffusion term, ( ̃) , can be discretized by using CD, UD and LUD scheme which have more detail in Versteeg and Malalasekera [25] . The Reynold stresses, ̅ ̅ ̅̅̅̅̅̅ , are predicted by turbulence models which also using CD, UD and LUD scheme for the convection-diffusion term of the additional transport equations. The SIMPLE algorithm is effective for steady state problem starting by assuming guessed pressure into the discretized momentum equations as giving by:
where is the interested cell coefficient, is the guessed velocity of an interesting velocity cell, is the neighbor cell coefficient, is the guessed velocity of a neighbor velocity cell, is the velocity cell area, is the guessed pressure at a forward cell of an interesting pressure cell, is the guessed pressure at a backward cell of an interesting pressure cell, is the velocity cell volume. Notice that, the bar and tilde over parameters had been deleted to be simply for writing equations.
The guessed velocities which are solved by the previous momentum equation have been substituted into the pressure correction equation as given by: ́ ∑ ́ (10) where ́ is the correction pressure of the interesting pressure cell, ́ is the correction pressure of the neighbor pressure cell, is the difference of guessed velocity. The pressure and velocity which obtain from the SIMPLE algorithm are used the pressure and velocity equation as written by:
and ́ is the correction velocity of the interesting velocity cell. The correction pressure and velocity will be close to zero after the iterative steps of the SIMPLE algorithm. The under-relaxation is necessary to use for reducing the susceptibility of divergence results. The improved pressure and velocity are obtained from: 
Airfoil Domain and Boundary Conditions
The computational domain has been used the C-type domain which has radius (R) and downstream length (L) show in Fig. 2 . The length of L was twice values of R and had been determined for the convergent and accurate results of the CFD method. The flow is close to the wall influenced by viscous effects which comprise of the distance to the wall, fluid density and viscosity, and shear stress. The size of the nearest cells on airfoil surface are attempted to control by the y + value to support the boundary effects which has equation as given by:
where is the near wall distance (Fig. 3) , is the dynamic viscosity, is the wall shear stress, is the fluid density.
The boundary condition is inlet flow at the left, top and bottom side of the C-type domain which assigned the uniform velocities. At the right side of domain is outlet flow setting by an atmospheric pressure. The front and back domain are set an empty type of boundary condition. No slip conditions ( ) is set only on the wall of airfoil profile. An incompressible flow was used for air with density ( ) and a dynamics viscosity ( ) of 1.225 kg/m 3 and 1.8375 10 -5 kg/(m s), respectively. 
Experiments
The wind tunnel model WT300 by Plastrochem Co., Ltd was used to test the flow past airfoil (Fig. 4) . The NACA0015 airfoil was installed to test in the wind tunnel. Figure 5 shows the NACA0015 airfoil produced by balsa wood which has the chord length and maximum thickness of 190 and 28.5 mm, respectively. This airfoil has a steel rod which was fixed to the triangular force plate (Fig. 6 ). The angle of attack (AOA) was adjusted by rotating the steel rod and a locking knob which allowed angles between airfoil and horizontal axis as follows: 0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 degrees in this research. One beam type load cell and two beam type load cells which were the components of the triangular force plate were respectively used to measure the drag force and lift force. The axial fan which was installed at the end of the wind tunnel had a role to adjust wind flow to keep the Reynolds number (Re) at 160,000 and 360,000. The wind speeds were measured by using a hot wire anemometer (Tenmars; model TM-4001), therefore, the wind speeds at Re of 160,000 and 360,000 were 12.63 m/s and 28.42 m/s, respectively. The force signal from the triangular force plate was recorded along with the time of 5 minutes through RS232 port into a memory device. The lift force (FL) and drag force (FL) which happened on airfoil had been averaged and used for calculating lift coefficient and drag coefficient [26, 27] . The lift coefficient (CL) and drag coefficient (CD) are given by:
where is the characteristic area of airfoil, is the fluid density, is free stream velocity. Therefore, the sliding ratio has been defined by:
L R yP Fig. 4 . The wind tunnel model WT300. Notice that, the arrow symbol is the flow direction. 
Results and Discussion
This section would be described the experimental and simulation results of the flow past NACA0015 airfoil. Three turbulence models comprised of Spalart-Allmaras (S-A) model, Wilcox model, and Menter SST model were discussed for determining a suitable model of the flow past airfoil simulation.
Wind Tunnel Experiment
The flow past airfoil experiment using the wind tunnel obtains lift coefficient and drag coefficient which are related to the AOA at the Re of 160,000 and 360,000 as shown by graphs in Fig. 7 and Fig. 8 , respectively. The low AOA expressed linearly increasing of lift coefficients. The wind speed at Re of 360,000 had more slope of lift coefficient increasing than at Re of 160,000. The maximum lift coefficients were 0.83 and 0.94 which happened at AOA of 10 degrees at the Re of 160,000 and 360,000, respectively. The drag coefficient was distinctively reversed to the lift coefficient starting at the AOA of 12 degrees and 14 degrees for the Re of 160,000 and 360,000, respectively. The critical AOA for the NACA0015 at the Re of 160,000 and 360,000 was 10 degrees which was called "stall angle of attack". Below the stall angle of attack as the AOA increases, the lift coefficient increases. Conversely, above the stall angle of attack as the AOA increases, the air flow is smoothly less on the upper surface of the airfoil and separate from the upper surface. The sliding ratio of the NACA0015 airfoil can be expressed by graph in Fig. 9 and Fig. 10 of the flow past airfoil experiment using the wind tunnel at Re of 160,000 and 360,000, respectively. The high sliding ratio means the time number that the airfoil can generated the lift force more than the drag force. The flow past NACA0015 airfoil with the AOA of 8 degrees at the Re of 360,000 had the sliding ratio more than Re of 160,000. This ratio can be used to select an extreme AOA and airfoil profile type. The wind turbine blade could be twisted by using the results of the airfoil cross-section test. 
Grid or Cell Generation
The CFD domain in this research was obtained by investigating for the accurate results of lift and drag coefficients. Many domain dimensions were selected by investigating the lift coefficients which were variable regarding to values of the downstream length under any turbulence model. Three AOAs below the stall angle of attack were selected to determine the length of the downstream. Figure 11 shows graphs of lift and drag coefficients which are variable regarding to the downstream length. The appropriated dimension for radius and the downstream length gave the accuracy of lift coefficients 13 and 26 times of the chord length, respectively. It respectively seem that lift and drag coefficient simulation results of the downstream length at 28c and 20c were close to the experimental data. Eventually, the average error of coefficients for the downstream length at 26c was less than each other. Figure 12 illustrates the final C-type domain of the flow past airfoil simulation. The y + of near-wall cells on the upper and lower surface of airfoil had been controlled and achieved values varying between 0.2 and 1.4 that were lower than the satisfied values as equal to +11.63 [28] . The values of y + around airfoil are plotted against distance from leading edge to tailing edge as shown in Fig. 13 . The airfoil domain was divided by the hybrid cell dividing method. The structure cells are around the airfoil surface for keeping y + values lower than +11.63 and the unstructured cells are on the outer of structure cells connecting at the same nodes (Fig. 14) . The y + controlling forced the number of nodes around the airfoil were variable from 100 to 600 for determining the independent cells of the simulated domain. The numbers of total cells which give the convergent lift and drag coefficients are determined by relative graphs between cell numbers and coefficients in Fig. 15 . The structure cells were 9,000 and the unstructured cells were 49,454 which were the optimum cell numbers of the flow past airfoil simulation domain. Figure 16 shows the final cell structure for the flow past NACA0015 airfoil simulation. The finest cells had been generated around surface of the NACA0015 airfoil. Fig. 11 . The lift and drag coefficient regarding to the variable value of the downstream length using the Menter SST model. Fig. 12 . The C-type domain for flow past NACA0015 airfoil simulation where c is chord length and x is distance starting at 0. 
Airfoil Turbulence Models
The simulation of flow past NACA0015 airfoil had been performed using S-A model, Wilcox model and Menter SST model based on the same cell structure domain. The CL and CD results at Re of model had a trend of the CL and CD in a good agreement with experimental data than the other turbulence models. The critical AOA of the Menter SST model gave at 12 degrees which was the little difference from the physical experiment. At the Re of 360,000, the S-A model only gave the stall angle of attack which equal to the Menter SST model but the values of coefficient were different from the experiment data more than the Menter SST model. The CD graph of the Menter SST model trended similar to the physical experiment at both Reynolds numbers. The average error of simulations by using turbulence models are described in Table 1 . The probable errors of any model caused the downstream length selection which could be reduced by adjusting a suitable value for each model. The average errors of the Menter SST model had an absolute value less than the average errors of other turbulence models except the S-A model under the AOA of 0-10 degrees at Re of 160,000. Therefore, the suitable turbulence model for the flow past airfoil simulation was the Menter SST model while the Wilcox was the unsuitable turbulence model. The S-A might be used for simulating the flow past airfoil because it had one additional transport equation, therefore, it used the least calculating time. Nevertheless, it was not an accuracy model as same as the Menter SST model that intended to solve the boundary layer problem. The CFD results could be expressed by velocity and pressure which occurred around the airfoil. Figure  21 illustrates the velocity and pressure around the NACA airfoil of each turbulence model at AOA of 10 degrees at the Re of 360,000. The solid lines in Fig. 21(a) are stream lines. The maximum velocity is red (Fig.  21(b) ). The maximum pressure region and the minimum pressure region are also red and blue, respectively. The maximum velocity and pressure region happened on the upper surface of leading edge while the velocity was dropped on the trailing edge. Therefore, the lift coefficient which achieved by integrating velocity and pressure on airfoil surface were given the maximum value at this AOA.
Solution Methods
The solution method was employed to determine the good simulation results. The CD, UD and LUD scheme were used to determine CL and CD of the flow past NACA0015 airfoil simulation by using the Menter SST model and the upwind algorithm for a turbulence model and the pressure-velocity coupling algorithm, respectively. The CL and CD of the flow past airfoil simulation at AOA from 0 to 20 and Re of 160,000 which have been used different solution methods are shown in Fig. 22 and Fig. 23 , respectively. Subsequently, the CL and CD at Re of 360,000 are shown in Fig. 24 and Fig. 25 , respectively. The LUD scheme had results in good agreement with the experimental data. The average errors of the simulation by using different schemes are described in Table 2 . The LUD scheme could be performed for determining results as close as experimental data more than other scheme in the AOA range of 0-10 degrees. In the AOA range from 12 to 20, the LUD scheme had the most efficiency to predict the drag coefficient. Even though the UD scheme had accuracy than the LUD scheme for prediction of the lift coefficient at the AOA range of 12-20 degrees, the LUD scheme still had the least average error for the whole range of AOA. Figure 26 illustrates the separated flow at the Re of 360,000 when the AOA of airfoil is 12 degrees. The small vortex happened on the trailing edge of NACA0015 airfoil. The vortex was expanded and strongly separated flow at the AOA of 18 degrees. The critical AOA or the stall angle of attack was 12 degrees when the SIMPLE algorithm and LUD scheme were employed to solve the Menter SST model of the flow past NACA0015 airfoil model. The suitable scheme was the LUD scheme. The CD scheme was very unsuitable scheme for the high velocity or Re above the stall angle of attack.
The sliding ratios for the simulation results of the best model (the SST model using SIMPLE algorithm and LUD scheme) are reported by graphs in Fig. 27 and Fig. 28 at Re of 160,000 and 360,000, respectively. For the wind speed at Re of 160,000, the sliding ratio of the CFD was less than the experimental data of 22.44% while the AOA at the maximum sliding ratios were equally 8 degrees. The best model did not have ability to predict the sliding ratio at high Re. However, the turbulence model could be great for respectively predicting lift and drag coefficient in the whole range of AOA. Therefore, it was intensely enough for studying and designing the wind turbine blade. 
Conclusions
The turbulence models for the flow past NACA0015 airfoil simulation were implemented and compared to determine the suitable turbulence model for the wind turbine blade design under the low wind speed. Three turbulence models composed Spalart-Allmaras model, Wilcox model, and Menter SST model which were suggested for the external aerodynamic application employing by generating the CFD code in the open source code CFD software, OpenFOAM. The CFD domain was chosen the C-type domain based on the accuracy results, then the radius and the downstream length of the domain were 13c and 26c, respectively. The C-type domain was constructed by using hybrid cells which composed structure cells around the airfoil surface and unstructured cells connecting at the same nodes outer the structure cells. The structure cell size had been controlled for limit distance from airfoil surface to its node not over than the value that made y + more than +11.63. The number of cells also had been controlled for the convergence results, therefore, the structure and unstructured cells were 9,000 and 49,454, respectively. The suitable turbulence model for the flow past NACA0015 airfoil simulation was the Menter SST model when compared its lift and drag coefficient with the experimental data. Subsequently, the SST model was determined the solution methods which comprised of the pressure-velocity coupling algorithm and the convection-diffusion schemes. The SIMPLE algorithm was chosen for this research regarding to the suggestion for the steady state simulation while three schemes composing UD, UD and LUD scheme were employed to determine the suitable scheme of the turbulence models. The LUD was the suitable scheme to solve the turbulence models because it had the least average error for the coefficients comparison with the experimental data. The simulation results illustrated the stream lines were formed to be a small vortex on the trailing edge at the AOA of 12 degrees, therefore, the maximum lift coefficient happened at this angle. The vortex was expanded and strongly separated flow above the stall angle of attack. The lift coefficients of simulation results reported the critical AOA or the stall angle of attack at 12 degrees which was a little different stall angle of attack by using the physical experiment.
The comparison of turbulence models and solution methods for this research were concluded that the Menter SST model with the SIMPLE algorithm and LUD scheme was the suitable turbulence model for simulation flow past NACA0015 airfoil. Consequently, it was recommended for using to study and design airfoil of wind turbines under the low wind speeds in the future work. Particularly, the OpenFOAM software was an excellent software for performing the flow past airfoil simulation without the expensive license cost.
